Abstract. By using human genomic DNA as a template to clone protection of telomere 1 (POT1) promoter gene segments and construct the POT1 promoter luciferase report gene vector (pGL3-Control-POT1-promoter), the association between POT1, and the regulation of telomerase and telomere length was investigated. In the present study, two recombinant luciferase report gene vectors were constructed, which included different regions of the POT1 promoter. The plasmids were transformed into DH5α and the positive clones were obtained. The two plasmids termed as pGL3-Control-POT1-promoter-1 and pGL3-Control-POT1-promoter-2, were confirmed using restriction enzyme analysis and sequencing. They were separately and transiently transfected into four types of human tumor cells (A549, H460, HepG2 and HeLa). The transcriptional activities of the POT1 promoter were verified using the dual-luciferase assay. The relative expression of POT1 and human telomerase reverse transcriptase (hTERT), and telomere length were analyzed using quantitative polymerase chain reaction in the four types of non-transfected tumor cells. Using SPSS software, correlations between POT1 promoter activity, and POT1 expression, hTERT expression and telomere length were analyzed. Two POT1 promoter fragments (POT1-promoter-1 and -2) were successfully constructed into the pGL3-Control luciferase report gene vector. POT1-promoter-1 exhibited significantly stronger transcription activity compared with POT1-promoter-2. The results of the partial correlation and linear regression analyses were similar: POT1 promoter activity was identified to be significantly and positively correlated with POT1 expression and telomere length (partial correlation coefficients, both P<0.05; linear regression, both P<0.01). However, POT1 promoter activity and hTERT expression were significantly negatively correlated (both P<0.05). The results obtained in the present study suggest that the POT1 promoter influences telomere length. Furthermore, these data indicated that POT1 promoter activity and POT1, as well as telomere length, may be a useful biomarker for tumor detection and future patient prognosis.
Introduction
Telomeres were discovered and named by Muller in 1938, and comprise of a repetitive DNA sequence (5'-TTAGGG-3') (1,2). Telomeres are protein-DNA complexes at the ends of eukaryotic chromosomes, which aid in completing the replication of chromosome ends, preventing chromosomes from fusion and chromosome reorganization and degradation (3) (4) (5) . A previous study reported that telomeres may be involved in gene expression regulation, thus modulating the cell replication process and aging (6) . Telomeres are also associated with numerous proteins, including telomeric repeat binding factor (TERF/TRF)1, TRF2, TERF1 interacting nuclear factor 2 (TIN2), protection of telomere 1 (POT1), tripeptidyl peptidase 1 (TPP1) and TERF2 interacting protein. Furthermore, telomere-associated proteins possess functions that maintain the integrity of the chromosome tail and regulate the telomere extension process (7) . Telomerase is a ribonucleoprotein complex, which consists of telomerase RNA, a reverse transcriptase subunit (telomerase reverse transcriptase, hTERT) and associated proteins (8, 9) . Its activation is essential to the continuous proliferation of cells and is involved in malignant tumor proliferation (10, 11) .
Human POT1 is a housekeeping gene containing a total of 22 exons, which is expressed extensively in human tissues and cells, and its translation begins in the sixth exon. POT1 is located on chromosome 7 (7q31.33) and has a total length of ~120 kb, the cDNA sequence length is ~2631 bp and the coding region is located between bp 24 and 1928 (12) . Previous studies have established that POT1-TPP1 in combination with a single-stranded telomeric DNA enhances telomerase activity (13, 14) . In addition, hPOT1 is able to convey the relevant information regarding telomere length that TRF1-TRF2 contains, to the telomeric DNA ends and telomerase, subsequently telomerase is activated, guaranteeing stability of the telomere length (12, 15) . Veldman et al (16) reported that HeLa telomere stability was decreased significantly following the inhibition of hPOT1 function via RNA interference knockdown, ultimately leading to cell senescence and apoptosis. Armbruster et al (17) demonstrated that mutations to the DAT domain of hTERT restored telomerase activity and extended telomere length following increased expression of POT1 in telomerase-positive cells. However, in cells with low POT1 expression in telomerase-negative cells, telomere length was not affected. This suggests that POT1 has a telomerase-dependent regulatory function on telomere length (17) . POT1 regulates telomerase activity via the collaboration with other DNA-binding proteins and as part of telomere protein complexes in mammalian cells. When POT1 expression is increased or decreased, it affects the conformation of the telomere complex, relieving the steric effect and enabling telomere elongation due to POT1 binding with single-stranded telomeric DNA (18) . Therefore, it is evident that POT1 exhibits an influence on telomerase activity and the maintenance of telomere length.
In the present study, the transcription activity of the POT1 promoter in 4 tumor cell lines was determined by constructing its sequences with different lengths of the luciferase reporter gene carrier (Fig. 1) . In addition, the regulatory mechanism of the POT1 promoter was preliminarily investigated through evaluating its correlation with POT1, telomerase and telomere length.
Materials and methods
Cell culture. The A549, HeLa, H460 and HepG2 cancer cells were provided by the laboratory of the Guangdong Medical College Institute (Guangdong, China), and were stored in the laboratory of Guangdong Medical College Institute. For all experiments, the four types of cancer cells were plated in Dulbecco's modified Eagle medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 4.5 g/l D-glucose and 10% fetal calf serum (Zhejiang Tianhang Biological Technology Co., Ltd., Hangzhou, China). All cells were cultured at 37˚C in a humidified environment containing 5% CO 2 .
Plasmid construction. POT1-promoter-1 (-160 to +40) and POT1-promoter-2 (-370 to +90) clone segment primers (Table I) were synthesized by Beijing Genomics Institute (Shenzhen, China). Both primer pairs contained the BglII (5'-GCAGATCT-3') and HindIII (5'-GCAAGCTT-3') endonuclease sites. The genomic DNA was extracted from A549 cells using the MiniBest Universal Genomic DNA Extraction kit (version 5.0; Takara Biotechnology Co., Ltd., Dalian, China), according to the manufacturer's protocol. Then the target fragment was amplified through polymerase chain reaction (PCR) using 2X Taq PCR MasterMix (Tiangen Biotech Co., Ltd., Beijing, China), and recovered using the MiniBest DNA Fragment Purification kit (version 3.0; Takara Biotechnology Co., Ltd.), according to the manufacturer's protocol. The thermocycler conditions for the PCR were as follows: 3 min at 94˚C; 30 cycles of 94˚C for 30 sec, 66˚C for 30 sec and 72˚C for 1 min; and 72˚C for 5 min. Subsequently, the pGL3-control plasmid (Promega Corporation, Madison, WI, USA) and PCR products containing the desired sequence were double-digested with BglII and HindIII, and annealed together using T4 DNA ligase (Takara Biotechnology Co., Ltd.) at 16˚C overnight. The ligation products were transformed into chemocompetent Escherichia coli DH5α cells (Tiangen Biotech Co., Ltd., Beijing, China) maintained in LB medium (Shanghai Kehua Bio-Engineering Co., Ltd., Shanghai, China) and bacterial culture medium containing ampicillin (Tiangen Biotech Co., Ltd., Beijing, China) to select for the recombinant plasmid-positive colonies. Identification of recombinants with the desired PCR products were confirmed using 1% agarose electrophoresis and DNA sequencing. The recombinant plasmids were termed as POT1-promoter-1 (pGL3-Control-POT1-promoter-1) and POT1-promoter-2 (pGL3-Control-POT1-promoter-2).
Transfection and dual-luciferase report assays. A total of 0.5-2x10 5 A549, HeLa, H460 or HepG2 cancer cells/well were seeded in 24-well plates. After 24 h incubation at 37˚C, 1.5 µg of POT1-promoter-1, POT1-promoter-2, pGL3-basic and pGL3-control were mixed with 0.03 µg pRL-TK (all Promega Corporation) in 150 µl Opti-MEM I ® Reduced Serum (Thermo Fisher Scientific, Inc.); the mixtures were separately co-transfected with Firefly luciferase (Fluc)-Renilla luciferase (Rluc) into tumor cells using Lipofectamine™ 2000 (Thermo Fisher Scientific, Inc.). After another 24 h of incubation at 37˚C, luciferase activity was measured using the Dual-Luciferase ® Reporter Assay system (Promega Corporation). Briefly, the culture medium was removed and the cells were washed with cold 1X PBS. Then 1X passive lysis buffer (PLB; 100 µl; Promega Corporation) was added to the 24-well plates. The culture plates were agitated at a low speed for 20 min at room temperature and transferred to clean 1.5 ml centrifuge tubes (in special cases, a cell scraper or pipette was used to repeatedly beat the samples to ensure complete lysis of the samples). Subsequently, Luciferase Assay reagent II (100 µl/well) and cell lysate (20 µl/well) were added to 96-well plates, and mixed evenly. The activity of Fluc was detected using a microplate reader with 1-2 sec delay and 5-10 sec reading. Finally, the activity of Rluc was detected following the addition of 100 µl Stop&Glo ® reagent (Promega Corporation) for normalization.
RNA extraction and reverse transcription (RT).
Total RNA was extracted from each non-transfected sample using TRIzol reagent (Thermo Fisher Scientific, Inc.) and RT was performed according to the FastQuant RT kit protocol (Tiangen Biotech Co., Ltd.). The isolated RNA was used as a template for reverse transcription using the following protocol: Each 20 µl reaction contained 5X gDNA buffer, 10X Fast RT buffer, FQ-RT Primer mix, RT Enzyme mix, RNase-free ddH 2 O and 1 µg of total RNA. Briefly, the RNA, gDNA buffer and RNase-free ddH 2 O were incubated at 42˚C for 3 min, and then immediately placed on ice. The solutions described above were mixed and incubated at 42˚C for 15 min followed by incubation at 95˚C for 3 min. The reaction solutions were stored at -20˚C for use in subsequent experiments.
Quantitative (q)PCR for POT1 and hTERT.
Primer sequences of POT1, TERT and GAPDH are listed in Table I . The total volume of 20 µl of qPCR contained 0.25 µM each of forward and reverse primers, 10 µl SYBR ® Premix Ex Taq™ (Takara Biotechnology Co., Ltd.), 4 µl cDNA and 5 µl nuclease-free ddH 2 O. Three replicates were performed. The thermocycler conditions were as follows: 5 min at 95˚C; 40 cycles of 95˚C for 15 sec and 60˚C for 30 sec; 95˚C for 5 sec; and 60˚C for 1 min. The reaction was performed using an ABI Prism ® 7300 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The results were analyzed using the 2 -ΔΔCq method (19) to compare the transcriptional levels of POT1 and hTERT in each sample to the non-compound-treated control. ΔCq=Cq(POT1 or hTERT)-Cq(GAPDH), ΔΔCq=ΔCq (target genes in the sample to be tested)-ΔCq (target gene in the control sample). The relative amount of sample template was 2 -ΔΔCq . DNA extraction and qPCR for telomere length. DNA from all non-transfected tumor cells were extracted using the Takara MiniBest Universal Genomic DNA Extraction kit (Version 5.0) according to the manufacturer's protocol. The total PCR volume of 20 µl contained 36 ng DNA template, 0.25 µM forward and reverse primers each [ Table I ; tel (1) and β-globin (20) ], 10 µl 2X SYBR ® Premix Ex Taq and nuclease-free ddH 2 O. Three replications were performed. The thermocycling conditions maintained were as follows: 5 min at 95˚C; 40 cycles of 95˚C for 15 sec and 60˚C for 32 sec; 95˚C for 5 sec; and 60˚C for 1 min. For the present study, telomere (T) and single copy gene (S; reference gene, β-globin) PCRs were performed in separate 96-well plates. The T/S ratio was ~2 ΔCq . ΔCq=Cq(Telomere)-Cq(β-globin). The relative T/S ratio (T/S of one sample relative to the T/S of another sample) was 2 -(ΔCq1-ΔCq2) =2 -ΔΔCq
. ΔCq1 was the T/S ratio of each sample, ΔCq2 was the T/S ratio of control DNA. The mean of the relative T/S ratio is proportional to telomere length as previously reported (21,22).
Analysis of the association between POT1 promoter and POT1, hTERT, and telomere length. The association between the POT1 promoter relative activity and POT1 relative expression, hTERT relative expression and the relative of telomere length was performed using partial correlation coefficients and linear regression.
Statistical analysis. All data are representative of three independent experiments and expressed as the mean ± standard error of the mean. The five different groups being compared in the dual-luciferase report assays were as follows: Blank, non-transfected cells; positive, pGL3-Control-transfected cells; negative, pGL3-Basic-transfected cells; tested, cells transfected with POT1-promoter-1 or POT1-promoter-2. The qPCR tests were performed on the four non-transfected tumor cell lines. Statistical significance was assessed using a two-tailed t-test, linear regression and partial correlation coefficient analysis with SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference. 
Results
Recombinant plasmid construction of pGL3-Control-POT1-promoter-1. The luciferase reporter gene carrier is demonstrated in Fig. 1 . As presented in Fig. 2A , POT1-promoter-1 was identified using BglII and HindIII digestion, the PCR product of the recombinant plasmids (Fig. 2B) and sequencing results (Fig. 2C) indicate that the desired gene was successfully inserted into the plasmid vector pGL3-Control. These results suggest that no base mutation had occurred in the two fragments.
Recombinant plasmid construction of pGL3-Control-POT1-promoter-2. As presented in Fig. 3A , two bands were observed following double BglII and HindIII digestion. The PCR product of the recombinant plasmids (Fig. 3B ) and sequencing results (Fig. 3C) indicate that the desired gene was successfully inserted into pGL3-Control. These results suggest that there were no base mutations in the two fragments.
Results of the dual luciferase reporter gene assay for all four tumor cell lines. Fluc and Rluc vectors were mixed in the ratios 1:1, 10:1, 20:1, 50:1, and 100:1. Following transfection for 12, 24 or 36 h, the highest transfection efficiency was identified using a 50:1 ratio for 24 h. The mixture of Fluc-Rluc (50:1) and the plasmid was co-transfected into the four different types of tumor cells. The transcription activity of the POT1 promoter was then detected using the Dual-Luciferase Reporter assay system 24 h. As presented in Fig. 4 , the transcription activity was highest in the POT1-promoter-1 group in all four tumor cell lines. The luciferase activity in the positive, POT1-promoter-1 and POT1-promoter-2 groups were significantly increased compared with the negative group (P<0.001; Fig. 4) .
Comparison between the transcription activity of POT1 promoter-1 and -2 reporter genes in different tumor cell lines.
pGL3-Control with strong SV40 promoter activity was used as a reference, the ratio between POT1 and SV40 promoter activity provided as an output value of transcription activity. The transcription activities between the POT1 promoter-1 and -2 reporter genes in different tumor cell lines were compared (x -±s, n=3). As presented in Fig. 5 and Table II , POT1-promoter-1 exhibited significantly higher transcription activity compared with that of POT1-promoter-2 in all four cancer cell lines. Therefore, the following experiments were performed using POT1-promoter-1.
qPCR. The POT1 expression, hTERT expression and telomere length of all non-transfected tumor cells were determined using qPCR analysis. All values were normalized to GAPDH and are expressed relative to the HepG2 cell group, which were selected arbitrarily and used as a control group for base comparison. The relative activity of telomerase was indirectly demonstrated by detecting the relative expression of hTERT. The relative T/S ratio was used to reflect telomere length. POT1 expression (Fig. 6A) , telomerase activity (Fig. 6B ) and telomere length ( promoter activity and the three aforementioned factors was performed. Luciferase activity of POT1-promoter-1 was used as a covariate. There was a significant positive correlation between the POT1 promoter activity and POT1 expression (partial correlation coefficient, 0.839) and telomere length (partial correlation coefficient, 0.792) (both P<0.05; Table III and IV), while a significant negative correlation was identified between POT1 promoter activity and hTERT expression (partial correlation coefficient, -0.700; P<0.05; Table V) . Furthermore, Fig. 7 demonstrates a marked correlation between POT1 promoter activity and POT1 and hTERT expression and telomere length by linear regression analysis (Fig. 7A and C, P<0.01; Fig. 7B, P<0 .05), which are similar to the results of the partial correlation analysis.
Discussion
Reporter genes are genes with a readily measurable phenotype that may be distinguished in a background of endogenous proteins (23) . Reporter gene technology is widely used to monitor the cellular events associated with signal transduction and gene expression (23) . The principal advantage of reporter gene technology is its high sensitivity, reliability, convenience and adaptability to large-scale measurements (23) . In the present study, two different fragments of the active promoter region of POT1 were obtained through cloning. Luciferase reporter gene vectors that contained different sequence lengths of the POT1 promoter were successfully constructed using DNA recombinant technology. The results of the double enzyme digestion PCR analysis and base sequencing demonstrated that the vector was successfully constructed. Construction of the POT1 promoter reporter gene vector is an effective method for investigating the transcriptional activity of the POT1 promoter and is able to provide a foundation for further studies on the transcriptional regulation mechanism of the POT1 promoter.
The luciferase reporter gene assay is one of the most predominantly used methods for identifying the interaction between a promoter and the genome (24) . The dual-luciferase reporter assay system uses a promoter-luciferase-based structure and is used for transient transfection. Tiffen et al (25) confirmed that the expression and associated light-emitting activity of the luciferase gene does not affect the growth of tumor cells. In the present study, POT1-promoter-1 and -2 were separately transfected into four different types of tumor cell lines (HepG2, HeLa, A549 and H460). The transcriptional activity of the POT1-promoter-1 was significantly increased compared with that of POT1-promoter-2. This indicates that compared with POT1-promoter-2 (-370 to +90 bp), POT1-promoter-1 (-160 to +40 bp) may be associated with more positive or negative regulatory elements enabling for participation in POT1 transcription regulation. The confirmation of the POT1 promoter transcriptional activity provided a foundation for further investigation into the underlying POT1 regulatory mechanism.
In the previous 20 years, alterations in telomere length have been established as an important biomarker for cancer and studies into telomere length have aided in developing novel cancer therapies (26, 27) . The maintenance of telomere length is a necessary condition for the continuous division and immortalization of normal and malignant cells (28) . Normally, with each round of cell division small fragments of telomeric DNA are lost and the DNA is shortened eventually leading to cell aging or apoptosis (29) . Xin et al (30) suggested that the binding of the POT1-TPP1 complex may recruit telomerase, producing a positive regulatory effect on the extension of telomeres. Izgi et al (31) demonstrated that colorectal cancer cells express a 4.33-fold increase in hTERT compared with normal cells. In addition, a positive correlation between telomerase activity and hPOT1 expression was identified (31) . However, certain studies have revealed that POT1 may exhibit a negative regulatory effect, which is able to suppress telomerase duplication and the extension of telomeric DNA:
In 2008, Churikov and Price (32) demonstrated that the loss of chicken POT1 resulted in exceptionally rapid telomere growth. Furthermore, another study revealed that compared with those cells that overexpressed hTERT alone, telomere length was extended when hPOT1 expression was suppressed and hTERT was overexpressed simultaneously in human skin fibroblasts (33) . Furthermore, a negative correlation between the expression levels of telomere-associated proteins (TRF1, TRF2, POT1 and TIN2) and telomere content has been identified in breast cancer cells (34) . In addition, telomere shortening has a role in suppressing tumor formation: Zimmermann et al (35) demonstrated the ability for tumor formation was significantly reduced in mice which had both a telomere gene (a dominant-negative mutant of hTERT) and a tumor inhibition gene (P53) knockout, compared with mice with only the tumor inhibition gene knockout. One hypothesis as to explain the observed effects includes the shortening of telomeres, promoting apoptosis or the obstruction of cell cycle progression (35) . These results indicated that POT1 has numerous functions in the maintenance of telomere length and telomerase.
Although important results have been demonstrated by numerous previous studies, there are also limitations to the current conclusions. The underlying regulation mechanism of the POT1 promoter and telomere remain to be elucidated. Therefore, it is important to clarify the association among the POT1 promoter, POT1, telomerase and telomere length. In the present study, alterations in the relative expression of POT1 and hTERT, as well as in the telomere length were detected in the non-transfected tumor cells (A549, H460, HeLa, and HepG2) using qPCR. The co-transfection luciferase assay and qPCR results demonstrated that there was a significant negative correlation between the POT1 promoter activity and hTERT expression. A potential explanation for this observation is the expression of hTERT was affected primarily by regulatory elements of the hTERT promoter. However, a significantly positive correlation was identified between the activity of the POT1 promoter, and the expression of POT1 or telomere length. Therefore, this indicates that POT1 promoter activity and POT1, as well as telomere length, may become potentially useful biomarkers for cancer in the future. Furthermore, these results preliminarily demonstrate that the POT1 promoter may be involved in the regulation of telomere length.
In conclusion, the results of the present study have identified a potential association between the POT1 promoter activity, POT1 and telomere length. Further experiments using numerous human tumor types are required for elucidating the underlying regulatory mechanism of the POT1 promoter and identified useful tumor biomarkers.
